Human and mouse granzyme (Gzm)B both induce target cell apoptosis in concert with pore-forming perforin (Pfp); however the mechanisms by which other Gzms induce non-apoptotic death remain controversial and poorly characterised. We used timelapse microscopy to document, quantitatively and in real time, the death of target cells exposed to primary natural killer (NK) cells from mice deficient in key Gzms. We found that in the vast majority of cases, NK cells from wild-type mice induced classic apoptosis. However, NK cells from syngeneic Gzm B-deficient mice induced a novel form of cell death characterised by slower kinetics and a pronounced, writhing, 'worm-like' morphology. Dying cells initially contracted but did not undergo membrane blebbing, and annexin-V staining was delayed until the onset of secondary necrosis. As it is different from any cell death process previously reported, we tentatively termed this cell death 'athetosis'. Two independent lines of evidence showed this alternate form of death was due to Gzm A: first, cell death was revealed in the absence of Gzm B, but was completely lost when the NK cells were deficient in both Gzm A and B; second, the athetotic morphology was precisely reproduced when recombinant mouse Gzm A was delivered by an otherwise innocuous dose of recombinant Pfp. Gzm A-mediated athetosis did not require caspase activation, early mitochondrial disruption or generation of reactive oxygen species, but did require an intact actin cytoskeleton and was abolished by latrunculin B and mycalolide B. This work defines an authentic role for mouse Gzm A in granule-induced cell death by cytotoxic lymphocytes.
its function remains ambiguous. Purified GzmA has been reported to induce target cell death with some features in common with apoptosis, including membrane blebbing, nuclear condensation and early mitochondrial damage. 4, 5 In vitro studies report that GzmA cleaves the mitochondrial protein Ndufs3 within complex I of the electron transport chain, and this is postulated to generate a burst of reactive oxygen species (ROS). 5, 6 This oxidative stress is predicted to cause translocation of the SET complex into the nucleus, where GzmA cleaves components of the SET complex and induces DNA damage through single-stranded nicking, resulting in cell death. 5, 7 However, these findings have been difficult to corroborate and recent studies from several independent groups using recombinant or native protease have reported that GzmA has little cytotoxicity [8] [9] [10] or that GzmA may simply enhance Pfp-mediated membranolysis. 8 In contrast, studies using GzmB À / À CTL suggest that GzmA does have a role in target cell death. 11, 12 To address this controversy in a physiologically relevant context, we used intact primary mouse NKs to deliver Gzms in order to analyse the features of GzmA-mediated cell death. As shown previously, NKs from WT mice induced classic target cell apoptosis. By comparison, GzmB À / À NKs induced a slower cell death pathway in which the target cells underwent a set of highly reproducible and distinct morphological changes with a marked delay in phosphatidylserine (PS) externalisation. The phenotype was precisely replicated when recombinant mouse GzmA was delivered with purified Pfp, but lost when NKs lacking both Gzms A and B (GzmA À / À B À / À ) were used to kill targets. Utilising timelapse microscopy to characterise hundreds of cell death events, our studies describe for the first time the unique morphology of target cells undergoing GzmA-mediated cell death, and its kinetic and biochemical features at the single cell level.
Results

GzmB
À / À NK cells use GzmA to induce target cell death. The ability of NKs from C57BL/6 WT, or syngeneic Gzm-or Pfp-deficient mice to kill murine MC57 target cells was assessed in a 4-h assay ( Figure 1a ). The vast majority of NK killing occurred via Ca 2 þ -dependent granule exocytosis, as the addition of EGTA completely blocked cytotoxicity and Pfp À / À NKs were minimally cytotoxic. GzmB À / À NKs induced B50% as much target cell death as WT, whereas GzmA À / À B À / À NKs exhibited virtually none over this timeframe. This strongly suggested that GzmA was the major cause of the residual cytotoxicity of GzmB À / À NKs.
GzmA induces morphologically distinct cell death. We have previously used timelapse microscopy to distinguish different forms of cell death induced by recombinant granule cytotoxins and intact CL. 13 We adapted these methods to investigate the morphological and kinetic features of cell death brought about by GzmB Figures S1E and F) .
In contrast, target cells killed by GzmB À / À NKs displayed a unique morphology distinct from both apoptosis and necrosis. GzmB À / À NK-killed cells were not tightly rounded, and neither membrane blebbing nor early AV binding were observed (Figures 1d and e) . Unlike necrosis, cells did not swell or become rapidly PI permeable. Instead, after gradually rounding and detaching from the substratum (Figure 1dii ), target cells became markedly elongated for a prolonged phase, with multiple successive changes in shape reminiscent of a writhing worm-like appearance (Figure 1diii-vi Figures S2A-E ). This suggested that this 'alternate' form of death was not peculiar to a certain target cell line; rather, a generic molecular mechanism was likely to underpin the process. Given the striking morphology of GzmA-induced cell death and its resemblance to the slow, writhing movements seen in some neurological disorders, we propose the name athetosis to describe this form of cell death.
When GzmA À / À B À / À NKs were used, this alternate cell death was almost totally abolished in comparison with killing by GzmB À / À NKs ( Figure 2a , Table 1 ; Po0.01), confirming that GzmA was indispensable for athetosis. In sharp contrast, both WT and GzmA À / À NKs induced significantly more apoptosis than either GzmB À / À or GzmA À / À B À / À NKs (Po0.0001). The fact that athetotic cell death was revealed in the absence of GzmB (GzmB À / À NKs), but lost in GzmA À / À B À / À NK-mediated death strongly suggested that (i) the dominant cell death phenotype of WT NKs is GzmBmediated apoptosis and (ii) a second, subdominant pathway mediated by GzmA is revealed when GzmB is removed. We also excluded any role for GzmM in athetosis, using GzmB Figures S2F-H ). It was important to independently confirm that GzmA alone could bring about the morphology of athetosis. To achieve this, we used purified recombinant Pfp and GzmA. Mouse GzmA (mGzmA) induced athetosis when applied to mouse P815 cells with sublytic Pfp (Figure 2b) . However, target cell death did not occur in the absence of Pfp, or when GzmA with a mutated active-site serine residue (mGzmA S-A) was used, indicating that actual cleavage of a key substrate/s was required for cell death. Using timelapse microscopy, we confirmed that treatment of MC57s with sublytic Pfp alone or with mGzmA S-A and Pfp did not induce death or changes in cell morphology (Figure 2c ). Treatment with (active) mGzmA alone resulted in target cell detachment, most likely due to GzmA-mediated cleavage of cell adhesion proteins; [14] [15] [16] however, the cells continued to proliferate and remained viable after 24 h ( Figures  2b and c, Supplementary Figure S2I ). In contrast, treatment with mGzmA and Pfp produced the characteristic elongated morphology of GzmB À / À NK-induced alternate death (Figure 2civ , Supplementary Movie S4). The concordance of the findings using recombinant reagents and intact NK cells provided independent evidence that athetotic cell death is mediated by mGzmA.
The kinetics of GzmA-mediated cell death is slower than GzmB-mediated apoptosis. Despite expressing levels of GzmA equivalent to those in GzmB À / À NKs (Supplementary Figure S3A) , WT NKs consistently killed target cells by GzmB-mediated apoptosis ( Figure 2a ). As athetosis was observed only in the absence of GzmB, we tested the hypothesis that GzmA took longer to initiate cell death compared with GzmB. The length of the initiation phase of cell death (the time from Gzm delivery to the first visible morphological change of cell death, typically cell rounding) was determined using timelapse microscopy. To pinpoint when NK-mediated Gzm delivery had occurred, we used a modified PI uptake assay as a marker of Pfp pore formation in the target cell membrane. Very low concentrations of PI (1.0-1.5 mM) are typically used in cell death assays to detect massive plasma membrane rupture during secondary necrosis. By adding significantly more PI (100 mM) to the medium, PI uptake can be detected entering the target cell specifically at the site of NK synapse upon granule delivery 17 ( Figure 3a ). Using these parameters, the initiation phase of GzmB-mediated apoptosis (mediated by WT or GzmA À / À NKs) was 4.9 ± 0.2 or 3.3 ± 0.1 min, respectively, whereas the initiation phase of GzmB À / À NK-mediated athetosis was significantly longer (16.9 ± 1.02 min; Po0.0001, Figure 3b ). The execution phase of cell death (the length of time from cell rounding to secondary necrosis) was also significantly longer during GzmB À / À NK-mediated death (Po0.0002). Apoptotic cells had an execution phase of 92.2 ± 5.7 min (Figure 3c ), a result similar to that reported previously, 13 whereas GzmB À / À NK-killed cells took 176.5±18.5 min for the equivalent phase. This kinetic data confirmed that GzmB-mediated apoptosis is triggered and executed more rapidly than GzmA-mediated athetosis.
Exploring the mechanism of GzmA-mediated cell death. We wished to address the molecular mechanisms underlying GzmA-induced cell death. Cytochrome c release from mitochondria is a critical early event in human GzmBmediated apoptosis. 18 To identify a possible role for early cytochrome c release, MC57 target cells were mixed with GzmB À / À NKs and stained for cytochrome c. Untreated MC57 cells displayed characteristic punctate cytochrome c staining, consistent with mitochondrial localisation (Figure 4a , Supplementary Figure S3B ), whereas apoptotic cells treated with recombinant GzmB/Pfp displayed diffuse cytochrome c staining, indicating it had been released into the cytosol. In athetotic cells, cytochrome c staining remained punctate, indicating that early cytochrome c release had not occurred.
We then investigated the requirement for caspase activation. Although WT NK-mediated apoptosis was significantly reduced in the presence of the broad-spectrum caspase inhibitor Q-VD-OPh (QVD; Po0.05; Figure 4b ), QVD had no significant effect on the amount or morphology of GzmB À / À NK-mediated cell death (Figures 4b and c) . This confirmed that GzmA-mediated alternate death was caspase independent. It is well known that pro-caspase processing and caspase activation are key to the pro-apoptotic activity of GzmB. 18 Interestingly, caspase blockade with QVD revealed an increase in the proportion of WT NK-killed cells with athetotic morphology, further indicating that GzmA-induced athetosis can be 'masked' by GzmB (Supplementary Figure  S3C) . However, this athetotic morphology was accompanied by some residual membrane blebbing, most likely due to GzmB directly inducing blebbing without caspase activation. Although morphologically and kinetically distinct from necrosis, we also tested whether athetosis may converge on the programmed necrosis/necroptosis pathway, which requires RIP1. 20 However, treatment with the RIP1 inhibitor necrostatin-1 did not inhibit GzmB À / À NK cell-mediated death, either in the presence or absence of QVD (Supplementary Figure S3D) .
Early mitochondrial damage that induces increased ROS and loss of mitochondrial transmembrane potential (DC m ) is considered a critical event for GzmA-induced cell death, 4, 5, 12 and the presence of superoxide scavengers such as tiron can significantly inhibit GzmA-induced cell death. 5, 6 The fluorescent dye tetramethylrhodamine ethyl ester (TMRE) was used with timelapse microscopy to assess whether loss of DC m is an early feature of GzmB Figures S4C and D) , demonstrating that early loss of DC m is not necessary for GzmA-mediated athetosis. Next, we used the ROS-sensitive fluorescent dye dihydroethidium (DHE) to detect early increased intracellular ROS. As GzmA-mediated ROS production was thought to occur following disruption of mitochondrial complex I, we used the complex I inhibitor rotenone to demonstrate induction of ROS production ( Figure 4e ). In contrast, neither WT À / À NK-killed cells and 158 GzmB À / À NK-killed cells analysed). Statistical analysis was performed using a one-way ANOVA, *Po0.0001. (c) The kinetics of the execution phase of cell death determined using timelapse microscopy, with AV and 1.5 mM PI in the culture medium. The mean ( ± S.E.M.) length of time from cell rounding (grey bar) to AV binding (green bar) and PI uptake/secondary necrosis (red bar) is shown. n ¼ 9 (147 WT NK-killed cells and 82 GzmB À / À NK-killed cells). Statistical analysis was performed using a Mann-Whitney U test, *Po0.0002
NK-killed apoptotic cells nor GzmB
À / À NK-killed athetotic cells displayed detectable ROS before cell rounding (Figure 4e, Supplementary Figures S4E-H) . Finding these results inconsistent with previous reports, we also tested the effect of tiron on WT and GzmB À / À NK-mediated death. Although the continual presence of tiron did inhibit all target cell death, death was not inhibited if the targets were washed after preincubation with tiron ( Figure 4f ). This suggested that tiron was exerting its effect extracellularly rather than by blocking ROS intracellularly. We subsequently found that tiron is a highly effective inhibitor of recombinant Pfp when used at these concentrations (Supplementary Figure S5) . This may be a more feasible explanation of the inhibitory effects of tiron on intact NKs (especially WT NKs) and following GzmA/Pfp treatment, rather than by acting as a superoxide scavenger. GzmA-mediated athetosis requires a functional actin cytoskeleton. The distinctive morphology of target cells undergoing athetosis prompted us to determine whether perturbation of the cell cytoskeleton was involved. Both actin and tubulin were previously identified as potential targets of GzmA; 21 thus, we performed immunofluorescence staining for polymerised actin, a-tubulin and g-tubulin. In comparison with healthy, adherent target cells, athetotic cells appeared to have stronger cortical, and more diffuse cytoplasmic phalloidin staining (Figure 5aii and iii, Supplementary Figures S6A  and B) while a-tubulin staining was less well defined. However, cells undergoing apoptosis displayed similar staining (Figure 5ai) , suggesting that the changes may reflect cell detachment to some extent or be a generic effect of cell death. There was no evidence for redistribution of polymerised actin or a-tubulin. However, g-tubulin staining in these cells was altered in comparison with untreated cells (Figure 5b ). g-tubulin is important for microtubule nucleation and accumulates at the centrosome with the microtubule organising centre (MTOC). 22 In almost all healthy adherent cells, g-tubulin staining was concentrated at one to two well-defined points adjacent to the nucleus, consistent with centrosomal/MTOC localisation 23 (Supplementary Figure  S6Ci) . The majority of apoptotic cells (70.9 ± 10.9%) also had normal g-tubulin localisation (Supplementary Figure  S6Cii) . Conversely, a high proportion of athetotic cells displayed significant MTOC disruption (Figure 5b ): 50.9 ± 8.8% lacked an observable MTOC and 27 ± 7.3% of cells showed MTOC repositioning away from the nucleus (Supplementary Figure S6Civ-v) . To test whether functional microtubules are required for GzmA-induced death, we pretreated target cells with taxol (Figure 5c ) or nocodazole (Supplementary Figure S6D) , which respectively stabilise or disrupt microtubules; however, neither agent had a Target cell death over 12 h was assessed via timelapse microscopy and quantified. Data was pooled from (c, e, f) three or (d) six independent experiments. Statistical analysis was performed using an unpaired t-test, *Po0.05 (mean ± S.E.M.) significant effect on GzmA-mediated athetosis. By contrast, we found that GzmA-mediated cell death was almost totally abolished when actin polymerisation was inhibited in target cells, by pretreatment with either mycalolide B (MycB; Po0.001; Figure 5d ) or latrunculin B (LatB; Po0.05; Figure 5e ), yet these agents had no effect on GzmB-mediated death. In addition, inhibition of the actin-associated motor protein myosin II with the small molecule blebbistatin produced a minor reduction in GzmA-mediated death (Figure 5f ). Although statistically significant, this reduction in cell death (B20%) was far less marked than with MycB/LatB (480%). Collectively, these results point to an intact actin cytoskeleton being required for GzmA-mediated athetosis.
Discussion
The cytotoxicity of GzmA has become subject to much debate, with various studies suggesting that GzmA induces target cell death weakly (or not at all), and is more important for mediating a proinflammatory signal. [8] [9] [10] 24 Here, we have demonstrated that cell death can be induced when mGzmA is delivered by NKs via authentic CL/target cell interactions.
Our study also shows for the first time that GzmA-mediated death is morphologically distinct from apoptosis and necrosis, and brings about striking cell elongation and a worm-like morphology in the dying cell before secondary necrosis. Critical for validating GzmA's role, the alternative form of cell death was induced by intact GzmB À / À NKs but completely lost when using GzmA À / À B À / À NKs, and recapitulated by delivering purified recombinant mGzmA to target cells with Pfp. Using this distinct morphology to specifically identify cells undergoing GzmA-mediated death, we analysed hundreds of individual cellular deaths to clarify the molecular mechanisms that were consistently and authentically associated with it. Our finding that GzmA induces a caspase-independent form of death without cytochrome c release agrees with previous findings, 4, 5, 12 but our finding that it did not involve membrane blebbing, early DC m loss or early ROS production contrasts with others. 4, 5 The absence of mitochondrial damage during the early stages of GzmB À / À NK-mediated cell death was unexpected, given its prominent role in initiating the GzmA cell death pathway. 5 However, the extensive use of timelapse microscopy and our quantitative analyses allowed us to ascertain events occurring during the initiation phase of death with a high degree of certainty and reproducibility, discriminating them from similar events occurring as a consequence of cell death during the execution phase. We also found major drawbacks in using tiron as a superoxide scavenger in assays requiring Pfp, as the concentrations of tiron previously utilised 5 caused severe disruption of Pfp function. Downstream of ROS production, cleavage of the SET complex was reported to be another critical event in GzmA-mediated death. 5, 25 Given the lack of ROS generation as a trigger, it is unclear whether mGzmA would induce SET cleavage in vivo; however, we found that target cell treatment with recombinant mGzmA or GzmB with Pfp did induce cleavage of the SET complex component Ape-1 in vitro (data not shown). This correlates with reports that WT, GzmA À / À , GzmB À / À and GzmA À / À B À / À CTL were equally able to induce Ape-1 cleavage in target cells, 12 suggesting that SET complex cleavage may not always be a GzmA-specific event.
Our data indicates that any mitochondrial dysfunction is more likely to be a late consequence of GzmA-induced death, occurring downstream of the cytoskeletal alterations associated with cell rounding/detachment and the worm-like morphology. Indeed, it has been previously hypothesised that GzmA may induce actin cytoskeletal disruption, resulting in downstream ROS generation similar to apoptosis in yeast. 12, 26 Here, we have reported the critical and novel finding that an intact actin cytoskeleton is crucial for GzmAmediated athetosis, but is not required for GzmB-mediated apoptosis. Inhibition of myosin II also caused a mild, although statistically significant reduction in GzmA-mediated death. Given the role of myosin II in regulating actin dynamics in migrating cells, 27 we hypothesise that myosin may also influence the function of the actin network during athetosis. We also discovered that a high proportion of cells undergoing GzmA-mediated alternate death had altered MTOC localisation; however, microtubule-disrupting agents had no effect, indicating that the actin cytoskeleton has the more critical role. Future studies will aim to identify GzmA substrates linked to the actin cytoskeleton to unravel the precise role of the cytoskeleton in athetosis.
Although it has often been speculated that GzmA has a 'backup' role in CL-mediated cytotoxicity, given the dominance of GzmB-mediated apoptosis, until now there has been no way to formally demonstrate this point using intact CL containing both GzmA and GzmB. The identification of a unique morphology for GzmA-mediated death has been critical in showing that WT NKs can induce both GzmBmediated apoptosis and GzmA-mediated athetosis; however, apoptosis is far more commonly induced. The dominance of apoptosis may be partly explained by the significantly shorter initiation phase of apoptosis in comparison with athetosis, most likely due to the rapid activation of the caspases. However, in vivo this disparity in time would make very little difference to overall NK cytotoxicity. Although the morphology of WT NK-induced cell death is more akin to 'classic' apoptosis, in reality a 'hybrid' form of death involving nearsimultaneous cleavage of substrates by both GzmA and GzmB may be taking place in the target cell, with GzmAmediated cytoskeletal changes contributing to death of the cell and its disassembly, and GzmB activating the caspases and producing the dominant phenotype.
Although GzmA-mediated cell death may also be an important fallback mechanism if apoptosis were blocked, we have consistently found GzmB À / À NKs to be less cytotoxic than WT NKs, and that recombinant GzmB induces significantly more death than the equivalent concentration of GzmA, consistent with previous reports. 10, 28 This suggests that GzmA cannot fully compensate for the absence of GzmB. Thus, the data presented in this paper, in conjunction with previous findings, 13 reinforces the hypothesis that although delivered simultaneously, Gzms function in a hierarchy during CL-mediated cell death (Table 2) . Foremost is GzmB, which induces cell death most rapidly via apoptosis. GzmA provides a second line of attack, acting via non-apoptotic pathways that are somewhat slower to be initiated and completed, and can be masked by GzmB. Lastly, the other 'orphan' Gzms may be deployed if the principal Gzms are blocked, presumably using different pathways to bring about cell death.
In a pathophysiological context, the clearest example of reliance on multiple Gzms for an organism's survival is mouse infection with the natural poxvirus ectromelia. GzmA À / À and GzmB À / À mice each showed only marginally increased susceptibility to ectromelia in comparison with WT; however, GzmA À / À B À / À mice were highly susceptible, similar to Pfp À / À mice. 29 This demonstrates the importance of different Gzms cooperatively mediating alternative pathways to cell death. Consistent with previous reports showing modest cytotoxic activity for mGzmA, but none for its human counterpart, 10 we found that proteolytically active recombinant human GzmA (hGzmA) was very poorly cytotoxic when administered with Pfp (Supplementary Figure S7) . As hGzmA has been hypothesised to be more involved in promoting proinflammatory immune responses rather than direct cytotoxicity, 8 our data supports the possibility that hGzmA may have developed into a primarily non-cytotoxic immune regulator, whereas mGzmA retained its cytotoxicity, possibly in response to various mouse pathogens.
Materials and Methods
Cell culture and mice. Mouse MC57 (fibrosarcoma) cells were maintained in DMEM (Invitrogen Life Technologies, Carlsbad, CA, USA) containing 2 mM L-glutamine and 10% FCS, at 37 1C with 10% CO 2 . The human cell line HeLa was maintained as previously described. 30 Primary mouse NK cells were isolated and purified from mouse by negative selection (Mouse NK Isolation Kit, MACS, Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) as previously described, 31 and cultured in RPMI 1640 media supplemented as above with 1000 units/ml human recombinant IL-2. NKs were used for cytotoxicity assays between day 5 and 8 following isolation.
C57BL/6 WT mice were bred at the Walter and Eliza Hall Medical Research Institute and maintained at the Peter MacCallum Cancer Centre. GzmA À / À , 32 GzmB À / À , 33 GzmA À / À B À / À 34 and Pfp À / À 35 mice were generated as previously described and maintained at the Peter MacCallum Cancer Centre. All mice were maintained under SPF conditions. Antibodies and reagents. The following were used for confocal microscopy: mouse monoclonal anti-cytochrome c Recombinant human GzmB, hGzmA and mouse GzmA were produced as previously described. 36 Recombinant mouse GzmA (mGzmA) WT and active-site mutant were produced by amplifying the mGzmA coding sequence from a plasmid template by PCR using primers that replaced the signal sequence with a combined FLAG tag and enterokinase cleavage site at the N-terminus and added hexahistidine tag at the C-terminus. The product was the cloned into pPIC9, transformed into Pichia. pastoris and analysed as previously described. 36 For protein production, P. pastoris expressing mGzmA were grown at 30 1C for 36 h, and then allowed to settle for 12 h at room temperature; growth medium was replaced with induction medium containing 3% methanol and 0.5 M arginine. Cells were induced at 23 1C for 60 h and again allowed to settle for 12 h at room temperature. mGzmA was then purified from induction medium as previously described, 36 except at pH 8.0. Once activated, mGzmA was separated from the enterokinase with a further SP-sepharose column, the final activated mGzmA was concentrated and stored at À 70 1C. SDS-PAGE analysis þ / À DTT confirmed that 499% of recombinant mGzmA was dimeric. Activity assessed by binding a serpin indicates that 495% of the mGrA was enzymatically active.
Cytotoxicity assays. Pfp, Gzm and NK cell cytotoxicity was assessed by 51 Chromium-release assays, sheep red blood cell lysis assays or 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay, as previously described. [37] [38] [39] [40] To assess cell death by timelapse microscopy, target cells were plated in 96-well flat bottom cell culture plates (Grenier Bio-One GmbH, Frickenhausen, Germany) at a density of 0.5 Â 10 4 cells per well and incubated overnight under standard tissue culture conditions. In some experiments, cells were pretreated for 24 h with 100/250 nM taxol, or for 1 h with 2 mM MycB, 10 mM LatB, 5 mM nocodazole or 10 mM blebbistatin. Before induction of cell death, PI (1.5 mM final) and AV-FITC (2 mg/ml final, BD Biosciences, San Jose, CA, USA) were added. Cell death was induced by either adding NK cells or by recombinant Gzm/Pfp treatment. Before recombinant Gzm/Pfp treatment, cells were washed three times in DMEM media containing 0.5% BSA (Fraction V, Roche Diagnostics GmbH, Basel, Switzerland). Recombinant human GzmB, hGzmA or mGzmA were diluted in DMEM/BSA buffer and added to target cells before addition of a sublytic dose of recombinant mouse Pfp (purified in house to a concentration of 300 mg/ml, as previously described 41 ). Cells were imaged every 5 or 10 min using a 10 Â /0.3 NA air objective on an Olympus IX-81 microscope (Olympus, Tokyo, Japan) with a temperature-controlled stage (Prior ProScan; GT Vision, Suffolk, UK) and CCD camera (model ORCA-ER; Hamamatsu Photonics KK, Hamamatsu City, Japan). The atmosphere was enriched with CO 2 controlled with an active gas mixer (Temperature/CO 2 Environment chamber; Solent Scientific, Segensworth, UK). Laser lines (488 and 561 nm) were used to detect AV and PI, respectively. In each experiment, two Confocal timelapse microscopy. Confocal timelapse microscopy to assess intracellular fluorescence was performed with a Leica TCS SP5 spectral confocal microscope system (Leica Microsystems GmbH, Wetzlar, Germany) and an active gas mixer (The Brick; Life Imaging Services, Basel, Switzerland). Adherent target cells were plated in ibiTreat eight-well chamber slides (ibidi GmbH, Martinsried, Germany) at a density of 1.5-3 Â 10 4 cells per well. The confocal pinhole was opened up to a minimum of 150 mm wide to allow fluorescence from a thicker cell section to be detected. To assess mitochondrial damage, cells were preincubated with 100 nM TMRE (Invitrogen Life Technologies) or 3 mM DHE (Invitrogen Life Technologies) for 30 min at 37 1C, and then brought to the microscope stage and equilibrated for a further 15-30 min before imaging. Cells were imaged using a 40 Â /0.85 NA air objective and a 561-nm laser line.
To determine the kinetics of cell death, the elapsed time between NK-mediated granule delivery to cell rounding, and cell rounding to secondary necrosis were measured. To determine NK-mediated granule delivery, 100 mM PI was added to the culture immediately before imaging. Cell rounding was defined as the timepoint at which the target cell had shown defined cell contraction and/or detachment, as determined by progressive contrast around the cell membrane. Secondary necrosis was determined by staining with 1.5 mM PI in the culture.
All image analysis was performed using LAS AS version 1.7.0 (Leica Microsystems Gmb) and MetaMorph version 7.5.5.0 (MDS Analytical Technologies, Sunnyvale, CA, USA) image analysis software. Changes in intracellular fluorescence during the initiation phase of death were measured by drawing a region of interest around each dying cell to measure integrated intensity. Changes in fluorescence over time were expressed as relative change in integrated intensity, measured by dividing the fluorescence value of the target cell immediately before rounding by the fluorescence value of the target at an early initial reference timepoint, before engagement by any effector cells has occurred. To account for photobleaching over time, relative change in integrated intensity was also calculated for corresponding untreated targets, or targets that did not undergo NK attack in the vicinity of the dying cells of interest.
Immunofluorescence microscopy. Adherent target cells were plated overnight at 37 1C with 10% CO 2 in ibiTreat eight-well chamber slides at a density of 1.5-3 Â 10 4 cells per well. Following treatment to initiate cell death, the cells were immediately fixed to retain cell structure and stained with antibodies or fluorophores.
To visualise intracellular cytochrome c, cells were gently washed one to three times in cold PBS, and then fixed by incubating with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) for 20 min. Excess paraformaldehyde was quenched with the addition of 50 mM glycine for 20 min, and then cells were incubated for 30 min in blocking/permeabilization buffer (PBS with 2% BSA and 0.1% saponin). Cells were incubated with primary antibodies for 1 h at room temperature, then washed again and incubated with the appropriate fluorophoreconjugated secondary antibody for 1 h at room temperature. Cells were washed three times in PBS and stored at 4 1C in the dark until analysis. To visualise polymerised actin and microtubules, cells were fixed using a previously described protocol for the preservation of cytoskeletal elements. 42, 43 To visualise g-tubulin staining, cells were fixed using a methanol fixation protocol, as previously described. 44 Cells were stained with DAPI to visualise nuclei. Fluorescent cell staining was detected using a Leica TCS SP5 spectral confocal microscope with a 63 Â /1.30 NA glycerol objective.
Statistical analysis. All statistical analysis was performed using GraphPad Prism Version 5.0 (GraphPad Software Inc, San Diego, CA, USA). Error bars on all figures represent S.E.M. For timelapse experiments, the averages for each experiment were obtained by analysing many individual cells in each experiment. Data presented is the average of individual experiments ± S.E.M. The total number of individual cells examined is also reported.
